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ABSTRACT
In order to explore a recent proposal that the solar core may contain a
component that varies periodically with a period in the range 21.0 - 22.4
days, due either to rotation or to some form of oscillation, we have examined
the time series formed from measurements of the solar neutrino flux by
means of the GALLEX, Homestake and Kamiokande experiments.  Direct
Fourier transform analysis of the Homestake data shows that the most
prominent peak in the entire spectrum (examined down to 5 days period) is
found at a frequency of approximately 17.2 y-1 corresponding to a period of
approximately 21.3 days.  According to the "shuffle test," the probability of
finding this large a peak in the prescribed search band is about 0.03%, if it is
assumed that there is no correlation between count rate and time. The
GALLEX and Kamiokande data are examined in a way that searches for
similarity in the shapes of the two spectra in sliding windows in frequency.
We find that the "spectral correlation measure" peaks at 17.2 y-1, and the
shuffle test indicates that the probability of finding this large a peak at a
specified frequency is 2%, if it is again assumed that for each time series
there is no correlation between count rate and time.  The combined
significance estimate is of order 1 part in 105 that the results are due to





It has been proposed in the previous Letter (Sturrock 1996b) that the
solar core may prove to be a complex structure that involves at least two
moving parts.  It was proposed, specifically, that the core may contain two
regions with different angular velocity vectors, the inner region having a
period in the range 21.0 - 22.4 days.  Following a preliminary investigation
recently reported (Sturrock 1996a), we have searched for evidence of such a
periodicity by carrying out a spectrum analysis of data from the Homestake
neutrino experiment (Davis & Cox 1991).  As shown in Section 2, this
spectrum analysis yields evidence of a periodicity with a frequency of about
17.2 y-1 or a period of about 21.3 days.   In order to estimate the significance
of this peak, we carry out the "shuffle test," used previously by Bahcall  and
Press (1991).  We compile a sequence of "nonsense" data sets, keeping the
same set of dates and the same set of measurements, but randomly re-
assigning measurements to dates.  The result of this investigation is presented
in Section 3.  We next (in Section 4) consider data obtained from the GALLEX
(GALLEX Collaboration 1992) and Kamiokande (Suzuki 1994) neutrino
experiments.  We find that a certain procedure for testing for similarity of the
two spectra shows that they are similar in the neighborhood of 17.2 y-1.
Further discussion is presented in Section 5.
1. INTRODUCTION
We first consider the Homestake data.  Each estimated SNU value  (for
each of 108 runs) is an estimate of the average neutrino flux which is derived
from the accumulation of 37Ar atoms over a time interval that ranges from a
minimum of 33 days to a maximum of 216 days, with an average of 75 days.
The interval between the start times of consecutive runs ranges from a
minimum of 33 days to a maximum of 600 days, with a mean value of 62
days. Atoms generated in the course of a run decay with a half-life of 35
days, and only about five 37Ar atoms are extracted and counted from a
typical run.  These are not favorable cirumstances in which to search for a
periodicity of order 20 days.  If the runs had been scheduled according to a
strictly periodic schedule, the "window function" that represents the timing of
the data acquisition process would have exhibited strong periodicities that
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could have resulted in the "aliasing" of peaks.  However, this contamination is
minimized by normalizing the data to zero mean.  Furthermore, that fact that
the schedule was irregular leads to a window function with a fairly well
behaved spectrum: the strongest peak  is, as one expects and as is necessary
for spectrum analysis, at zero frequency;  the next largest peak is at 100 y-1,
presumably due to the rounding of dates to multiples of 0.01 year; there is no
significant peak in the frequency range (15.9 y-1 to 18.3 y-1) corresponding
the period range 20 to 23 days.
The data comprise a set of values x
a
 for a set of corresponding times  t
a
,
 a  = 1, ..., 108, acquired from runs 18 through 133, a few runs being missing.
The actual counts of the number of 37Ar atoms resulting from each run were
processed in a way that is designed to take out known systematic effects.  The
result x
a
 is given as the number of “SNU” (solar neutrino units) that, if
constant during the run, could have been converted into the number of 37Ar
atoms produced per day.  The date quoted, t
a
 , is the "mean birth date” of the
surviving 37Ar atoms.  It is clear that any periodicity in the neutrino
production rate will be highly attenuated by the measurement process.
Nevertheless, we decided as a first step to accept the data at face value and
search for evidence of the suspected periodicity.
We decided to first search for a “high-Q” periodicity, and therefore
analyzed the entire record by the Fourier-transform process.  We normalized
the data to have mean value zero (as mentioned above), and “padded” the
data by setting x = 0 for all days except the 108 days to which SNU values are
assigned.  To better resolve any peak that might be found, we extended the
data from its original length of 8599 days to a length of 16,384 (= 214 ) days.
It is well known (see, for instance, Bloomfield 1976) that the histogram
of the power in a spectrum of Gaussian noise is an exponential function of
power which has the form
N S > S1( ) = N0 exp −S1( ) , (1)
if the data are normalized to have variance unity or (approximately, but more
conveniently for our purpose) if the power is normalized to have mean value
unity.  This normalization was therefore adopted, since it facilitates a
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convenient but approximate estimate of the significance of any peak that
might be found.
We retained the computed powers  for only the 3277 frequencies for
which the period is larger than 5 days.  We found that there is indeed a peak
in the range 21.0 to 22.4 days.  Specifically, we found that there is a peak at
frequency n  = 17.17 +/- 0.02 y-1 or period P = 21.27 +/- 0.03 days with
power S = 12.1.  Figure 1 shows the part of the spectrum corresponding to
frequencies in the range  15 y-1 (period 24.4 days) to 20 y-1 (period 18.3
days) and indicates the “search band” extending from  16.3 y-1 (period 22.4
days) to 17.4 y-1 (21.0 days).  It is clear that the peak at 17.17 y-1 (period
21.27 days), that falls within the search band specified in the previous Letter
(Sturrock 1996b), is significantly larger than any other peak in the band
covered by Figure 1.  Indeed, we find that it is the largest peak among all
3277 frequencies that were examined.  There are 49 frequency bins in the
search band.  The probability of finding  the largest peak in one of these 49
bins would be about 1.5%, if all 3277 bins were regarded as equally likely to
produce the largest peak in the spectrum.
Since the Homestake data are sparse and irregularly sampled, we also
spectrum-analyzed the data using the Lomb-Scargle (Lomb 1976, Scargle
1982) least-squares-fit method, which is designed for application to such time
series, and we were reassured to find the resulting spectrum to be
substantially the same as that which we obtained by direct Fourier-transform
analysis.
3. SHUFFLE TEST
It was clearly necessary to adopt a more robust procedure to estimate
the significance of the peak at 21.27 days.  The procedure that we adopted
was to generate a sequence of “nonsense” data sets from the same set of
timing data and the same set of measurement data, by "shuffling" the data
set, i.e. by randomly reassigning the values x
a
 among the dates t
a
.  This is the
same procedure that was applied by Bahcall and Press (1991) in their
analysis of the Homestake data.  (However, Bahcall and Press were primarily
interested in variations on the time scale of the solar cycle.)  We regard this
as a robust test of the "null hypothesis" that the data set contains no real time
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variation.  In 20,000 "shuffles", we found only six peaks  in the prescribed
search band larger than the one at 21.27 days in the true data set, yielding a
significance estimate of 0.03 %.
As a further test of the significance of this peak, we divided the data
into two halves, the first 54 runs and the last 54 runs.  We formed the
correlation spectrum of these two time series by multiplying the absolute
values of the amplitudes of the spectra of the two time series, and found that
the strongest peak of this spectrum corresponds to the period 21.27 days,
indicating that this periodicity is present in both halves of the entire data set.
We chose also to examine the scatter diagram formed by plotting, for all 3277
frequencies, the power of the first half as the abscissa, and the power in the
second half as the ordinate.  The resulting diagram is shown as Figure 2.  Two
points (indicated by asterisks) stand out from the main distribution, and we
find that both peaks originate in the 21.27-day peak, further supporting the
view that this periodicity is present in both the first half and the second half
of the data-acquisition period.
The Fourier-transform process provides, of course, an amplitude of the
“signal” at each frequency.  This amplitude shows that the modulation of the
count rate is of order 40% of the average count rate.  However, the more
important quantity is the depth of modulation of the neutrino flux that would
lead to the detected signal at 21.27 days period.  We have attempted to
determine this quantity by varying an assumed production rate, with a
periodic component with period 21.27 days, to get the best least-squares fit
to the data.  This analysis indicates that the depth of modulation of the
production rate is of order 100%.  These estimates of the depth of modulation
are inevitably approximate, since the data are sparse, the noise-level is high,
and the generation rate may have long-term variability as well as short-term
variability.  Nevertheless, it is clear that, if our analysis is correct, there is a
substantial modulation of the neutrino flux at 21.27 days.  It is even possible
that the neutrinos are emitted in pulses;  however, since the spectrum does
not show strong peaks at the harmonics, it appears either that this is not the
case, or that the available data are inadequate to test that possibility.
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4. GALLEX AND KAMIOKANDE DATA
As a test of our claim that the Homestake data exhibits a periodicity at
21.27 days period, it is highly desirable that one search for evidence of this
periodicity in other sets of solar data.  In our previous Letter (Sturrock
1996b), we draw attention to the periodicity at about 10.6 days period, found
by Thomson et al. (1995) in solar-wind data, which could be the harmonic of
the periodicity of present interest.  However, it is clearly important to
compare our analysis of the Homestake data with spectrum analysis of data
from the GALLEX (GALLEX 1992)  and Kamiokande  (Kihara 1992)
experiments.  The available GALLEX data comprise measurements from 30
runs, each of duration of about 3.5 weeks, from May 1991 until September
1993.  The available Kamiokande data comprise measurements from 17 runs,
with average duration 4 months, from December 1986 until August 1992.
We normalized each data set to have zero mean, so we do not expect
that the spectrum will be substantially contaminated by the window function.
The spectrum of the GALLEX window function does exhibit a significant peak
at 17.0 y-1, but the spectrum of the GALLEX data shows only a weak but
broad peak extending from 17.4 to 17.7 y-1.  The Kamiokande window
function does not yield any spectral feature near 17 y-1, but the Kamiokande
data yield a small peak in the spectrum at 17.14 +/- 0.2 y-1,   which
essentially coincides with the peak found in the Homestake spectrum.
  The GALLEX and Kamiokande spectra clearly yield only very weak
support of the proposal that the neutrino flux is modulated with a frequency
of 17.17 y-1.   However, direct comparison of the spectra derived from
Fourier transform of the data sets represents only a test for a high-Q signal.
We have considered also the possibility that a high-Q oscillation in the
neutrino generation rate may be modulated by other processes - either
periodic or stochastic - in the core.   This would lead to a broadening of what
might otherwise be a sharp spectral feature, similar to the broadening of the
"carrier frequency" of a radio or TV transmitter due to amplitude or
frequency modulation.  Modulation of a carrier signal at 17.17 y-1 might
result in consistent structure in the spectra near that frequency derived from
both the GALLEX and Kamiokande data.
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For these reasons, we have introduced a "spectral correlation measure"
(SCM), and applied it to a comparison of the GALLEX and Kamiokande spectra.
We have defined the SCM by
g ν( ) = S1 ν( )S2 ν( )
S1 ν( ) S2 ν( )
−1 , (2)
where each term in angular brackets indicates an average over a small band
that was chosen to be 41 consecutive frequency values that covered a band of
0.91 y-1.  The SCM will have expectation value zero if the spectra are
uncorrelated, and the absolute magnitude of g( n ) will normally be less than
unity.  For graphical representation, it is convenient to display the non-
negative quantity  G ( n ) defined by
Γ ν( ) = g ν( )[ ]
2
Av g ν( )[ ]2( )  , (3)
where "Av" represents an averaging over the entire spectrum being
investigated, so that g2 is normalized to have mean value unity.  However, it
is helpful to note also the "parity" of the correlation, defined by
γ ν( ) = g ν( )
g ν( )  . (4)
A positive correlation (as distinct from an anti-correlation) has  g = +1, so it is
prudent to examine G(n)  only for peaks with positive parity, and to ignore
peaks with negative parity.
We have examined the SCM for the GALLEX and Kamiokande spectra
and, as shown in Figure 3, we find a positive-parity peak, with a half-height
half-width of
0.3 y-1, at the identical frequency found in our analysis of the Homestake
data, namely n  = 17.17 y-1.  In order to obtain an estimate of the significance
of this peak, we have carried out a shuffle test, and find that 176 out of
10,000 spectra have a positive-parity peak as large as or larger than the peak
in the real SCM at that frequency.  We therefore estimate that the probability
that the found peak would occur by chance  is about 2%.  We plan to apply
the SCM procedure to other pairs of solar data sets, and we will report the




We have found that there is indeed a striking peak (at frequency 17.17
y-1 or period 21.27 days) in the spectrum of the Homestake data within the
search band of 21.0 to 22.4 days.  From the shuffle test, we obtain an
estimate that, on the null hypothesis that there is no correlation between
count rate and time, the probability of finding a peak that large or larger in
the prescribed band is 3 10-4.  In our analysis of the GALLEX and Kamiokande
data, we found a peak in the spectrum correlation measure at the same
frequency.  From the shuffle test we obtain an estimate that, on the null
hypothesis that there is no correlation between count rate and time for either
time series, the probability of finding a peak that large or larger at the
specified frequency is 0.02.  Since these two tests are carried out on
independent data sets, the probability of obtaining the two peaks may be
estimated to be less than 10-5.  This puts one in the awkward position of
finding strong evidence for an hypothesis to which most astrophysicists
would ascribe a small prior probability.
Our search for this periodicity began (Sturrock 1996a)) with an attempt
to understand the Rieger (Rieger et al. 1984) and quasi-biennial (see, for
instance, Ribes 1989) periodicities.  We therefore examined the spectrum to
see if there is any indication of these two periodicities in the Homestake
neutrino data.  We find that there are small peaks, with normalized powers
2.2 and 2.7, at the periods 150.3 days and 157.5 days, respectively; the
former is close to the expected peak of 148.9 days corresponding to 7 P1.
Hence the spectrum shows some evidence for the Rieger periodicity.  We also
find a peak that has values of the normalized power 3.2 and 2.8 at the
consecutive periods 745 days and 780 days, respectively, in the neighborhood
of the quasi-biennal period. This provides some support for the early claim
by Sakurai (1979, 1981) that the neutrino data are modulated at the quasi-
biennial periodicity.
It is also interesting to note that if we adopt P1 = 21.27 days and if we
adopt the (sidereal) Carrington period (Bruzek & Durrant 1977)  of 25.38 days
for P2, then 37P1 ≈31P2 ≈  787 days.  We find that Fourier-transform
analysis of 100 years of sunspot data yields the estimate PQ  = 780 +/- 10
days for the quasi-biennial periodicity.  Hence it appears that, as proposed in
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the previous Letter (Sturrock 1996b), the quasi-biennial periodicity may be
interpreted in the same way as the Rieger periodicity, namely as a close
approximation to a lowest-common-multiple of the two basic periods.
It appears that these first tests of the model proposed in the previous
Letter are supportive of that model.  It is in principle still possible that the
periodicity in the neutrino flux, if real, can be attributed to modulation of the
neutrino flux by the combined effect of an oscillatory internal magnetic field
and a neutrino magnetic moment associated with non-zero neutrino mass
(Bahcall 1989).  For this to be a viable explanation, it would be necessary for
the solar core to contain a strong magnetic field which either oscillates in
strength with a period of 21.3 days, or is inhomogeneous and rotates with the
core to which one must attribute a rotation period of 21.3 days.
There are many further points to be examined, probably the most
important of which is to investigate whether this periodicity is manifested in
other solar data, in particular data from the Super-Kamiokande experiment.
We are aware however that confirmation of a periodicity at 21.3 days will not
in itself provide conclusive proof of the proposed model.  The "nuclear
engine," if there is one, may be different from our proposed model, and it
may certainly be much more complex.
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FIG. 1 Part (15 y-1 to 20 y-1) of the power spectrum of neutrino count rates
from the neutrino Homestake experiment.  The "search band" (16.3 y-1 to
17.4 y-1) specified in the previous Letter1 is indicated by dotted lines.
FIG. 2  Scatter diagram, plotted for  all 3277 frequencies that correspond to
periods larger than 5 days, of power in the spectrum of the first half of the
Homestake data (abscissa) and power in the spectrum of the second half
(ordinate).  The two points marked by asterisks both belong to the peak at
17.17 y-1, that falls within the search band specified in the previous Letter.1
FIG. 3  The spectral correlation measure (SCM), as defined by equation (3),
derived from the GALLEX and Kamiokande neutrino data, plotted over the
frequency range 1 to 25 y-1. Only values corresponding to positive parity, as
defined by equation (4), are displayed.  The largest peak is at 17.17 y-1,
which coincides with the frequency of the most prominent peak in the
spectrum of the Homestake data (see Fig. 1).
